The WRN DNA helicase is a member of the DExH-containing DNA helicase superfamily that includes XPB, XPD, and BLM. Mutations in WRN are found in patients with the premature aging and cancer susceptibility syndrome known as Werner syndrome (WS). p53 binds to the WRN protein in vivo and in vitro through its carboxyl terminus. WS fibroblasts have an attenuated p53-mediated apoptotic response, and this deficiency can be rescued by expression of wild-type WRN. These data support the hypothesis that p53 can induce apoptosis through the modulation of specific DExH-containing DNA helicases and may have implications for the cancer predisposition observed in WS patients.
Werner syndrome (WS) is a rare autosomal disorder characterized by premature aging and early onset of age-related diseases including malignant neoplasms (Epstein et al. 1966; Goto et al. 1996) . Cultures of WS cells show evidence of increased chromosomal instability including reciprocal translocations, inversions, and deletions (Thweatt and Goldstein 1993) . Mutations in the WS gene (WRN) are found in patients exhibiting the clinical symptoms of WS Yu et al. 1997) . The majority of WRN mutations result in impaired nuclear localization of the protein . The WRN gene encodes a 3Ј → 5Ј DNA helicase which belongs to the DExH-containing DNA helicase superfamily which includes XPB, XPD, and BLM (Ellis 1997) . Although WRN has both ATP-dependent 3Ј →5Ј DNA helicase (Gray et al. 1997 ) and 3Ј →5Ј exonuclease activities (Huang et al. 1998; Shen et al. 1998) , the role of WRN in DNA synthetic processes remains to be established. The WRN promoter is regulated by two different tumor suppressor gene products. Overexpression of the Rb protein can up-regulate the WRN promoter, whereas overexpression of p53 can down-regulate WRN promoter activity (Yamabe et al. 1998) .
The tumor suppressor gene product p53 plays a critical role in maintaining the genomic integrity of mammalian cells (Lane 1992) . The ability of p53 to induce apoptosis is thought to be an important factor for its tumor suppressor function (Levine 1997) . p53 can both bind to XPB and XPD and modulate their DNA helicase activities in TFIIH . The binding is mediated through the carboxyl terminus of p53 and the helicase motif III of XPB (Wang et al. 1995) . Fibroblasts from cancer-prone individuals of xeroderma pigmentosum (XP) complementation groups B or D are deficient in their ability to undergo p53-mediated apoptosis .
Because the XPB and XPD helicases are important factors involved in p53 function, we hypothesized that another DNA helicase, WRN, also may be a target for p53. We propose that p53 binds to WRN and triggers apoptosis. To investigate this hypothesis, we performed immunoprecipitation experiments to examine the binding capabilities of p53 and WRN and to map the potential binding sites of WRN to p53. We developed a strategy using microinjection of wild-type p53 and WRN expression vectors into normal and WS primary human fibroblasts to examine the p53 apoptotic pathway in these cells. The common feature of XP-B, XP-D, and WS patients being cancer prone can be explained by defects of this p53-mediated apoptotic pathway.
Results

Binding of p53 to WRN in vivo and in vitro
To examine if p53 binds to WRN in vivo, we immunoprecipitated WRN followed by Western blotting of p53. A replication-defective adenovirus containing wild-type p53 was used to infect the p53 null lung carcinoma cell line Calu-6 at an m.o.i. of 1.3. As shown in Figure 1A , a WRN-specific polyclonal antibody coimmunoprecipitates p53 from p53-expressing cells (lane 4). This binding is blocked by the corresponding peptide used for producing the anti-WRN antibody (lane 5). Three p53 mutants (C175H, R249S, or R273H) that correspond to hot spot mutants found in human cancer (Hollstein et al. 1991) were each also transiently expressed in Calu-6 cells. All three p53 mutants bind to WRN with the C175H and R273H mutants binding with a greater affinity when compared with the R249S mutant (Fig. 1B, lanes 2-4) . The reduced binding to the R249S mutant is interesting, as this particular mutant was not capable of down-regulating the WRN promoter (Yamabe et al. 1998) .
GST-p53 fusion constructs were used to determine the domains of p53 that bind to [ 35 S]methionine-labeled in vitro-translated WRN. Whereas a full-length p53 (1-393 amino acids) and an amino-terminal deletion mutant (155-393 amino acids) bind efficiently to WRN in vitro, a carboxyl-terminal deletion mutant (1-293 amino acids) displayed minimum binding (Fig. 1C) able binding was observed between WRN and GST alone or between the full-length p53 and GST-luciferase (Fig.  1C, lanes 6,7) . Treatment with RNase and DNase did not affect binding, indicating that the binding complex is not mediated through single-stranded DNA or RNA (Fig.   1C) . Therefore, the WRN protein binds to the carboxyl terminus of p53, which also is the binding site of the DExH family-related DNA helicases XPB and XPD (Wang et al. 1995) .
p53-Mediated apoptosis is attenuated in WS fibroblasts
To examine if p53-mediated apoptosis was attenuated in the WS cells, primary fibroblasts from one normal and three WS individuals were chosen based on the donor's age. Because the WS fibroblasts display a characteristic of premature aging/accelerated senescence in vitro, the population doublings (PDs) and the number of senescent cells, assessed by senescence-associated ␤-galactosidase (SA ␤-gal) activity (Dimri et al. 1995) , were determined each time the cells were passaged. Consistent with previous findings (Thweatt and Goldstein 1993) , cells from WS individuals underwent senescence at an earlier PD than did normal fibroblasts ( Fig. 2A,B) .
Then, we compared p53-mediated apoptosis in WS ver- sus normal human fibroblasts. Increased expression of wild-type p53 in normal fibroblasts (GM08402) via microinjection of a CMV-driven expression vector resulted in an average of 22% apoptosis at 24 hr (Fig. 3A) . The amount of cDNA injected into these cells is equivalent to 10 copies of plasmid per cell. The typical features of apoptosis observed included cytoplasmic blebbing, chromatin condensation, and nuclear fragmentation. An in situ terminal deoxynucleotidyl transferase labeling assay (TUNEL) confirmed that these morphological changes were markers of apoptosis (data not shown). Minimum apoptosis (2%) was observed in normal fibroblasts 24 hr after microinjection with a CMV-driven green fluorescent protein (GFP) expression vector. This is a typical response of normal primary fibroblasts from several donors following microinjection of a p53 expression vector Elmore et al. 1997) . However, when the fibroblasts from three different WS individuals (AG03141, AG12797, AG00780) were microinjected with the wild-type p53 expression vector, there was a statistically significant reduction in the percentage of apoptotic cells from all three WS individuals ( Fig. 3A ; Table 1 ).
This reduction was not due to the aging process associated with WS, because normal fibroblasts (AG05247) from an 87-year-old individual undergo p53-mediated apoptosis at the normal rate (Table 1) . Furthermore, the shortened replicative life span of the WS cells does not appear to affect this rate because the WS fibroblasts showed an attenuated p53-mediated apoptosis even at low PDs, when the WS cells were replicating and not senescent (Fig. 3B) .
Time course studies showed a persistent reduction in the amount of p53-mediated apoptosis in WS fibroblasts, compared with normal fibroblasts (Fig. 3C) . The time course also shows an increase of apoptosis (80% at 72 hr) for the normal fibroblasts. To examine the cell cycle status of all cells overexpressing wild-type p53, the cells were subsequently labeled with BrdU. Whereas ∼35% of normal cells (GM08402) and 50% of WS cells (AG00780) were positive for BrdU labeling, no BrdU labeling was seen in any p53-positive cells (data not shown). All normal (GM08402) and WS (AG00780) fibroblasts that were p53 positive were arrested in G 1 .
However, fibroblasts from both normal (GM08402) and WS (AG12797) individuals were still capable of undergoing apoptosis following microinjection of a caspase-1 expression vector, a Ced-3 mammalian homolog capable of inducing apoptosis (Table 1 ; Wang et al. 1994 ). Thus, WS fibroblasts are capable of undergoing apoptosis and the reduction observed above may be specific for a p53-mediated pathway.
To examine if normal and WS fibroblasts were equally sensitive to a p53-independent cell death inducer, the cells were treated with staurosporine for 24 hr. At all doses (0-10 µM), there was a similar rate of death for both cell types. The rate of cell death was determined by Annexin V staining. At the highest dose (10 µM), there were no viable cells for either cell type. At 5 µM, there was 14% cell death for the normal cells and 17% for the WS cells.
Expression of WRN can rescue deficiency in p53-mediated apoptosis
To determine if this defect in p53-mediated apoptosis could be rescued by wild-type WRN, a WRN expression vector was comicroinjected with the wild-type p53 expression vector into WS cells. Immunocytochemical analysis showed that both proteins were expressed (data not shown). The level of p53-mediated apoptosis was restored to normal levels in the WS fibroblasts from each of the three donors ( Fig. 3A ; Table 1 ). Microinjection of the WRN cDNA alone was not sufficient to induce apoptosis. Expression of the WRN cDNA in normal fibroblasts (GM08402) resulted in only 3% apoptosis, whereas there was 3% and 0% apoptosis for WS cells, AG03141 and AG12797, respectively. To determine if this correction was specific for the WRN gene or if any helicase can correct the attenuated apoptotic response, either wild-type p53 alone or the combination of p53 and XPD expression vectors was microinjected into normal (GM08402) and WS (AG00780) cells. For p53 alone, 22% of normal cells were apoptotic at 24 hr and the addition of XPD did not alter this percentage. In WS cells, the microinjection of p53 alone induced 10% apoptosis at 24 hr, whereas p53 plus XPD resulted in 11% apoptosis. These data are genetic evidence that WRN contributes to p53-mediated apoptosis.
Discussion
In this report we have shown that WRN binds to p53 in vivo and that the binding site on p53 is located at its carboxyl-terminal region. Moreover, fibroblasts from WS individuals display an attenuated ability to undergo p53-mediated apoptosis that can be restored by expression of the wild-type WRN gene. This deficiency in p53-mediated apoptosis is not the result of either the normal in vivo aging or in vitro senescence processes. Interestingly, the carboxyl-terminal domain (CTD) of p53 is necessary for the physical interaction with WRN as well as with the XPB or XPD DNA helicase (Wang et al. 1995) . Because the CTD can directly bind to XPB and induce apoptosis that is independent of p53 transactivation activity , we have proposed that the CTD may be involved in apoptosis by binding to and modulating the activity of DNA helicases that are required for controlling genomic stability . Consistent with this hypothesis are the results reported here indicating that another member of the DNA helicase family, WRN, also may be a downstream target in p53-mediated apoptosis.
WRN is a homolog to Xenopus laevis FFA-1, a DNA helicase that is required for the formation of replication foci during DNA replication (Yan et al. 1998) . WRN also is a homolog of Escherichia coli RecQ and Saccharomyces cerevisiae SGS1, both of which are DNA helicases (Watt et al. 1996; Yamagata et al. 1998 ). Similar to human WS cells, the sgs1 mutation also reduces the average life span of yeast cells (Watt et al. 1996) , and this phenotype appears to be associated with hyper-recombination, a possible role for genomic instability. Recently, WRN was shown to replace SGS1 to suppress hyper-recombination in a yeast sgs1 mutant (Yamagata et al. 1998) . Murine mutant WS embryonic stem cells show an increased sensitivity to topoisomerase type I and II inhibitors, which are involved in DNA replication (Lebel and Leder 1998) . Although WS is characterized by the premature appearance of normal aging in young adults and the WS cells also are hyper-recombigenic (Yamagata et al. 1998) , it is still unclear that the premature aging condition is a consequence for an increasing risk of cancer. Here we show that cells from WS individuals but not from normal aging individuals display a reduced response to p53-mediated apoptosis in the absence of senescence features. Because p53-mediated apoptosis is an important determinant for maintaining genomic stabil- ity and preventing tumorigenicity (Yonish-Rouach et al. 1991; Clarke et al. 1993; Lowe et al. 1993; Symonds et al. 1994) , the increased risk of cancer associated with WS may be the result, in part, of attenuation of a p53-mediated apoptotic pathway. These results have additional clinical implications. Given the possibility that WRN, XPB, and XPD are downstream in a p53-mediated apoptotic pathway, these DNA helicases may be novel molecular targets in cancer therapy.
Materials and methods
Plasmids pC53SN encodes the human wild-type p53 cDNA and was provided by B. Vogelstein (Johns Hopkins University, Baltimore, MD). p␤actM10Z contains the intact murine caspase-1 cDNA fused to ␤-gal and was provided by J. Yuan (Harvard University, Cambridge, MA). pGreen-Lantern (GIBCO BRL) contains a GFP cDNA insert. WRN expression vector, WRNpbrca WT, encodes the wild-type WRN cDNA.
Immunoprecipitation analysis and Western blotting
Protein lysates were prepared 24 hr post-transfection/infection by lysing cells in immunoprecipitation buffer (50 mM Tris-HCl at pH 8.0, 120 mM NaCl, 0.5% NP-40) for 30 min on ice. Total protein was immunoprecipitated with anti-WRN antibody (Santa Cruz) overnight at 4°C. Bound proteins were electrophoresed on 8% SDS-polyacrylamide gels and electrophoretically transferred to Immobilon-P membrane (Millipore). Detection of proteins was done using anti-p53 CM-1 antibody (1:1000; Signet Labs) or anti-WRN antibody (1:500) followed by ECL (Amersham).
In vitro binding assays
Full-length WRN and luciferase proteins were translated in vitro with [
35 S]methionine (NEN) using the TnT-coupled reticulocyte lysate system (Promega). Full length p53 (1-393 amino acids) and p53 deletion mutants (1-293 and 155-393 amino acids) were purified as described previously (Wang et al. 1995) . Reactions were done in binding buffer (50 mM Tris at pH 8.0, 120 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.5% NP-40), with 2 µg of GST fusion protein-coated agarose beads or GST control-coated beads and 5 µl of WRN protein (10 ng/µl). DNase I and RNase pretreatment of WRN in parallel with untreated sample in DNase I/RNase buffer, followed by binding to GST-p53-1-393 was a control for binding through a DNA/RNA intermediate. Reactions went for 5 hr at 4°C. Beads were washed, denatured, and separated on a 7% SDS-polyacrylamide gel with 1 µl of denatured WRN and luciferase proteins (20% input). The gel was fixed, rinsed, treated with a 24% solution of sodium salicylate, vacuum dried, and exposed to Biomax film (Kodak) at −70°C.
Cell culture and population-doubling analysis
Calu-6 cells were obtained from ATCC and grown in RPMI with 10% fetal bovine serum (FBS). Primary normal human fibroblasts (GM08402) and WS fibroblasts (AG03141, AG12797, AG00780) were obtained from Coriell Cell Repositories and were grown in Ham's F-10 media with 15% FBS.
PDs were determined for cultures each time they were passaged, using the following formula: log (no. of cells) − [log (no. of cells plated) × plating efficiency]/log 2. PD was divided by the number of days of growth to calculate PD per day.
SA ␤-gal analysis Cells were fixed in 2% formaldehyde/0.2% glutaraldehyde in PBS for 5 min and incubated at 37°C for 12-18 hr with fresh SA ␤-gal stain solution containing 1.0 mg/ml X-gal (Dimri et al. 1995) .
Microinjection and immunocytochemical analysis
Cells were plated on glass coverslips 2-3 days prior to injection. Plasmid cDNA expression vector (200 ng/µl) was injected into the nuclei of cells using a glass microcapillary needle. This corresponds to ∼10 plasmids per cell. Only cells with nonsenescent morphology were injected for all experiments.
For WRN expression, WRN antibody was the generous gift of L.
Guarente, and the protocol for immunostaining of Guarente and his coworkers was followed (Marciniak et al. 1998) . For p53 expression, cells were fixed with 4% paraformaldehyde in PBS for 10 min followed by methanol for 20 min at 24 hr postmicroinjection. Coverslips were washed in PBS-plus (0.15% glycine, 0.5% BSA in PBS). p53 was detected using the anti-p53 CM-1 antibody (1:200) (Signet Laboratories) for 1 hr at 37°C. Anti-rabbit IgG conjugated to fluorescein or Texas Red (Vector Laboratories) was used (1:300) for 30 min at room temperature. For p53 and WRN comicroinjection analysis, 100 ng/µl of each plasmid cDNA was mixed together and microinjected. Cells were stained for p53 as described above. Nuclei were stained with DAPI. Apoptotic cells were scored by morphological changes, including cytoplasmic blebbing and nuclear condensation and/or fragmentation. BrdU was added (15 µg/ml) for the final 6 hr. Cells were fixed in acetone/methanol (1:1) for 10 min followed by 1 M HCl for 30 min. Following extensive washing, cells were incubated with anti-BrdU (1:50, Oncogene Science) plus anti-p53 as described above. For the GFP analysis, the p-Green lantern vector (200 ng/µl) was microinjected as above. Cells were fixed with 4% paraformaldehyde at 24 hr.
For caspase-1-mediated apoptosis, cells were fixed with 1% glutaraldehyde in PBS for 10 min and stained with 0.5 mg/ml X-gal for 12-18 hr at 37°C. Nuclei were stained with DAPI.
Staurosporine experiments were done by adding concentrations of 0-10 µM to cells plated on eight-well chamber slides. Cells were stained for Annexin V using the Apoptosis Detection Kit (Oncogene Science). Following staining, cells were postfixed and stained with DAPI. Annexinpositive cells were counted to determine the percentage of cell death either by apoptosis or necrosis.
